Introduction
Photosensitive polymers have been utilized as photoresists for patterning of integrated circuits (ICs), buffer-coat layers for IC chips, interlayer dielectric films, coatings, manufacturing of printing plates, etc [1, 2] . The photosensitive polymers for electronics packaging such as buffer coats and interlayer dielectrics require high thermal, mechanical and insulating properties on account of permanent utilization of the obtained patterns, while their required resolution is usually of the order of micrometers. For such the applications, addition of photosensitivity to polyimides, known as one of the representative high performance engineering plastics, has been investigated [3] . Existing methods for preparing photosensitive polyimides are utilization of poly(amic acid)s as polyimide precursors and functionalized polyimides as polymer components [4] [5] [6] [7] . However, these polymer designs make them expensive, and their properties as engineering plastics are relatively decreased. High temperature post-curing is necessary for imide ring formation in the case of poly(amic acid)s.
We have developed a novel pattern-forming method, reaction development patterning (RDP), for unfunctionalized polyimides, polycarbonates, polyesters and vinyl polymers [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . RDP realizes positive-and negative-tone pattern formations only by photo-irradiation onto the polymer films containing additives such as diazonaphthoquinone (DNQ) and the following development with a solution containing nucleophiles such as ethanolamine or hydroxyl anion. Pattern formation in RDP is based on nucleophilic acyl substitution reaction of nucleophiles (Nu-H) in the developer with carboxylic acid derivatives (-C(O)-X-) such as imide group in polymer main or side chain (Scheme 1). The reaction products have higher solubility than the original polymers, and selective progress of this reaction at photo-irradiated or unirradiated areas leads to pattern formation.
However, in the previous study, RDP-based pattern formation of vinyl polymers with imide groups as the side chains was achieved only when alkoxide was used as a nucleophile in developer, while alkoxide is water-unstable and difficult to handle it [17] . In this paper, we report pattern formation of photosensitive imide-containing vinyl polymers by application of RDP with OH -of tetramethylammonium hydroxide (TMAH) as a nucleophile. We chose alternating H-NMR spectra were recorded on a BRUKER DRX300 spectrometer (300 MHz). Molecular weight was determined by GPC (TOSOH TSK gel GMH HR -M column, polystyrene standards) equipped with RI detector (TOSOH, RI-8021) with DMF containing LiBr (30 mmol/L) and phosphoric acid (60 mmol/L) as a mobile phase. T g was determined as the onset temperature in differential scanning calorimetry (DSC) analysis (Shimadzu, DSC-60). Thermal decomposition temperature (T d5 ) was determined as the 5% weight loss temperature in thermogravimetric analysis (Shimadzu, TGA-60). Film thickness was measured with a contact-type thickness analyzer (Nikon, DIGIMICRO MFC-101). Photo-irradiation was conducted by a UV exposure apparatus equipped with ultra high-pressure mercury lamp (ORC, JP-2000-EXC), and exposure dose was measured in wavelength of 320-390nm (ORC, UV-331AP2). Scanning electron micrograph (SEM) was taken with a JEOL JSM-6390LV instrument.
Synthesis of maleimide copolymers
PMI (or MMI) and styrene (or n-butyl vinyl ether) were added with 1 / 1 molar ratio to a fournecked flask equipped with a reflux condenser, a mechanical stirrer and a thermometer, and acetone as a solvent was added to become concentration of 1 mol/L for all monomers. 1 mol% of 2,2'-azobis (isobutyronitrile) (AIBN) and 0.2 mol% of dodecanethiol were added to the solution and the mixture was heated at 60 °C for 5.5 hours under N 2 . Then, the mixture was poured into a large amount of methanol. The precipitate was washed with methanol again, recovered by filtration, and dried in vacuo at 60 °C.
Pattern formation
Pattern formation from PMnBE is shown as an example. 20 wt% of PMnBE was dissolved in Nmethylpyrrolidone (NMP). A BADNQ as a photosensitive agent (20 wt% for PMnBE) was dissolved in the NMP solution. The resulting photosensitive PMnBE solution was degassed and spin-coated onto a mat side of a copper foil, and prebaking at 90 °C for 10 min in a far-infrared oven gave the film with about 10 μm in thickness. The obtained film was then irradiated with an ultra high-pressure mercury lamp without any filter at both i and g lines through a positive photomask in a contact technique. The exposed film was developed with a TMAH / H 2 O / NMP / MeOH solution (2 / 5 / 5 / 18 (weight ratio)) at 50 °C under ultrasonication, and rinsed with H 2 O.
Results and Discussion
Copolymerization of maleimides with electrondonating monomers is known to give copolymers with high molecular weight [18, 19] . In this study, we adjusted molecular weight of PMS, PMnBE and MMnBE by using dodecanethiol as a chain-transfer agent. Properties of the obtained vinyl polymers 2) By elemental analysis 3) By GPC (DMF, polystyrene standard, detected by RI)
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were shown in Table 1 . Recently, we achieved pattern formation of polyetherimide (Ultem ® ) by using TMAH / H 2 O / NMP / MeOH mixture as a developer [12] . Thus, we applied this alkaline developer for RDP of imide-containing vinyl polymers. At first, reactivity of the developer with the imide-containing vinyl polymers was examined by model reaction prior to pattern formation. Here, we showed PMnBE as an example. PMnBE was reacted with TMAH / H 2 O / NMP / MeOH (2 / 5 / 5 / 18 (weight ratio)) mixture in a flask at [C=O in PMnBE] / [TMAH] = 1 / 2 (molar ratio) for 1 h at r.t., and IR spectra of PMnBE and the product were shown in Fig.1 . In the IR spectrum of the product, C=O and C-N stretching absorptions derived from imide group were decreased, and N-H and C=O absorptions derived from amide and carboxyl groups appeared. These results show that imide rings in PMnBE was opened by the nucleophilic reaction with hydroxyl anion in TMAH as a nucleophile. The product of the model reaction became soluble in developer though PMnBE itself was insoluble. This difference in solubility is expected to enable pattern formation of PMnBE by RDP.
On the basis of the results of the model reaction, RDP was applied to the imide-containing vinyl polymers by using the alkaline developer. Films of PMS, PMnBE and MMnBE containing a photosensitive agent, BADNQ3, was irradiated with 300 mJ/cm 2 of exposure dose and developed with TMAH / H 2 O / NMP / MeOH (2 / 5 / 5 / 18 (weight ratio)) mixture. As a result, photosensitive PMnBE and MMnBE afforded fine positive-tone patterns (Table 2, entries 2, 3) . Comparison of effects of side-chain functional groups on development properties clarified that use of n-butyl vinyl ether instead of styrene as a comonomer of maleimide largely improved solubility of the exposed areas and ability of pattern formation. This would be because the presence of relatively hydrophilic and flexible alkyl ether chain helps permeation of the developer. PMnBE gave patterns of higher residual film thickness with shorter development time than MMnBE ( Table 2 , entry 2 and Fig.2 ). This would be due to higher reactivity of imide carbonyl in PMnBE than that in MMnBE, which is derived from more extended delocalization of a lone pair on imide nitrogen, not only with carbonyl group but also with phenyl group, in PMnBE.
We also examined effect of difference in photosensitive agent on development properties (Table 3) . PMnBE containing BADNQ3 exhibited the highest residual film thickness though the development time was slightly extended. This revealed that photosensitive agent having fewer phenolic hydroxyl groups was more appropriate for RDP of the imide-containing vinyl polymers. Sensitivity of RDP-based photosensitive PMnBE with BADNQ3 [μm] Sci. Technol., Vol. 25, No. 3, 2012 ( Table 3 , entry 3) was found to be 401 mJ/cm 2 . From these results and the previous studies [8] , pattern-forming mechanism of the imide-containing vinyl polymers by RDP is considered to be as shown in Fig.3 . In the exposed regions, DNQ changes to indenecarboxylic acid, and this carboxylic acid reacts with TMAH in the developer to give a salt. This salt promotes permeation of the hydrophilic developer into the exposed regions, and the reaction of the hydroxyl anion with imide groups in the vinyl polymers occurs selectively at the exposed regions. The reacted polymers are then dissolved into the developer due to their higher solubility than the corresponding non-reacted polymers. On the other hand, in the unexposed regions, photorearrangement of DNQ does not take place, and as a result, permeation of the developer and the reaction of the hydroxyl anion with the imide groups are also suppressed. 374
